ABSTRACT:
Understanding the molecular mechanisms involved in periodontal regeneration is important for the development of more predictable clinical techniques. This study aimed to identify these mechanisms by comparing the gene expression profiles of cells derived from regenerating defects with patient-matched periodontal ligament cells. The gene profiling was carried out using Affymetrix U133A arrays containing probes for 22000 genes. Robust differences in gene expression were obtained by identifying genes that consistently changed by a minimum of two fold. Analysis of molecular function as designated by gene ontology (GO) identified differentially regulated mechanisms including protein metabolism, tyrosine kinase activity and skeletal development. The differentially expressed genes could be broadly divided into the categories of protein biosynthesis and turnover, structural constituents of the cytoskeleton and extracellular matrix, and signal transduction. The differential expression of four genes (EGR-1, elastin, osteoprotegerin and IGFBP3) was confirmed using real time PCR. Furthermore, the expression of another two differentially expressed transcripts, decorin and biglycan, was immunohistochemically confirmed in a periodontal wound healing model and the protein expression was consistent with the pattern of gene expression. This study gives insight into the molecular processes involved in periodontal regeneration and identifies cell markers that are characteristic of the regenerating periodontal tissues.
INTRODUCTION:
The ultimate goal of periodontal therapy is the regeneration of the destroyed tissues to their original structure and function. However, currently available regenerative techniques are unpredictable and reflect the complexity of periodontal wound healing which involves the interaction of four distinct tissues -gingiva, periodontal ligament, cementum and bone. Tissue engineering has been proposed as a method of promoting regeneration by controlling the interaction of the various periodontal components and delivering specific cell populations to the right periodontal compartment. However, before this can be achieved, greater understanding is required about the cellular and molecular mechanisms that are induced during wound healing and regeneration. In particular, further information is required about the cell phenotype and the extracellular environment required to achieve periodontal regeneration.
The mesenchymal cells of the periodontium (fibroblasts, osteoblasts, cementoblasts and their precursors) play an important role in regeneration, because they are responsible for producing the connective tissues lost to the disease process. It has been shown that the periodontal ligament is of critical importance in the regenerative process as it is the only tissue type containing cells capable of forming new cementum and establishing new attachment between cementum and bone.
1,2,3 Indeed, current therapies aimed at periodontal regeneration, such as guided tissue regeneration (GTR), are based on the principle that progenitor cells, residing in the ligament and attracted to the healing site, have the potential to promote regeneration. GTR involves the use of a barrier membrane to prevent epithelial downgrowth along the root surface as well as infiltration of the defect by gingival connective tissue that is unable to achieve periodontal regeneration. Therefore, the occlusive membrane allows the repopulation of the defect by periodontal ligament mesenchymal ('fibroblastic') cells (PLC) capable of facilitating cementum formation and new attachment formation along the root surface, as well as osteogenic precursors able to regenerate the lost alveolar bone ( Figure 1A ). The regenerative potential of GTR is well recognized and histological evidence of the technique's potential to achieve regeneration has been presented. 4, 5, 6 The mesenchymal cells of the periodontal ligament are a heterogenous population that is commonly referred to as 'fibroblastic', purely based on morphology, although it is well recognized that this population also includes cementoblast and osteoblast precursors. In order to study the cell and molecular events associated with periodontal regeneration, we have previously isolated and characterized primary mesenchymal cell cultures derived from human regenerating periodontium and compared them with patient-matched periodontal ligament cells. 7, 8 These regenerating-tissue derived cells (RTC) were found to have specific properties in terms of cell proliferation, matrix synthesis and bone-marker gene expression. 7, 8 These studies demonstrated that the RTC were representative of a "regenerative" phenotype and had properties that were distinct from their parent PLC.
The aim of this study was to use microarray technology to identify the molecular processes that differentiate the previously characterized RTC from their source, ie. PLC. It is hypothesized that this information will provide insight into changes in cell phenotype and the extracellular environment that occur during periodontal regeneration, and provide leads for ways that the periodontal wound healing process can be manipulated using a tissue engineering approach in order to achieve regeneration.
MATERIALS AND METHODS

Surgical procedure and cell culture:
The three cell types utilized for this study were previously obtained following the "guided tissue regeneration" (GTR) surgical procedure. 7, 8 Briefly, following attainment of institutional ethics approval and informed consent from three systemically healthy subjects (one female, aged 38 (P1) two males, aged 64 (P2) and 67 (P3), periodontal defects associated with non-carious teeth were treated according to the principles of GTR (Fig 1A) . Granulation tissue was removed from the defect and the tooth surface was thoroughly debrided (Fig 1B) prior to placement of a nonresorbable ePTFE membrane (WL Gore and Assoc, Flagstaff, AZ) (Fig 1C) . Wound closure included flap re-positioning coronal to the cemento-enamel junction and suturing. Following a six-week healing period (Fig 1D) , the membrane was removed, the regenerated tissue was excised and the tooth was extracted.
PLC and RTC were isolated and cultured using standard techniques as previously described. 8 Briefly, the tissues were placed in "explant" medium (Dulbecco's modified Eagles medium [DMEM] with 10% fetal calf serum (FCS), gentamicin sulphate, 2.5 μg/ml fungizone, 100 units/ml penicillin, 100 μg/ml streptomycin). Only the middle third of the remaining periodontal ligament was gently curetted and removed in order to avoid contamination with gingival and apical tissues. The periodontal ligament and regenerating tissues were then cut into small pieces, rinsed with biopsy media and placed in tissue culture dishes. Within one week, the "explant" medium was replaced with standard culture medium (DMEM with 10% FCS, 50 units/ml penicillin, 50 μg/ml streptomycin). After reaching confluence, cells were passaged with 0.25% trypsin-0.02% ethylene diaminotetraacetic acid (EDTA). Cells between the 4 th and 5 th passage were used.
RNA extraction and Array analysis
Total RNA was extracted from the cells using an RNAqueous kit (Ambion, Austin, TX) and LiCl precipitated. RNA quality was assessed by spectrophotometric analysis and denaturing gel electrophoresis. Five μg of total RNA was used to prepare double stranded cDNA using a MessageAmp kit (Ambion, Austin, TX) according to the manufacturer's instructions. In vitro transcription was performed using an Enzo IVT kit (Affymetrix, Santa Clara, CA), also according to the manufacturer's instructions. The samples were fragmented and 15 μg of cRNA was hybridized to the human HU133A Affymetrix microarrays. The arrays were washed using a Fluidics 400 station and scanned using scanner 2500 (Affymetrix). Affymetrix microarray suite (MAS 5.0) was used to provide a signal value for each probe set on the array and to assign detection and change calls. Comparisons between the samples were then analyzed in Data Mining Tool (DMT) (Affymetrix) to identify the number of differentially expressed genes. All statistical and clustering analysis was performed using DecisionSite 8.0 for functional genomics and statistics (Spotfire, Somerville, MA). The data was submitted to the GEO database (http://www.ncbi.nlm.nih.gov/geo/) with a series accession number GSE2525. All data is compliant with MIAME standards.
Real time PCR
Total RNA was purified as above, DNAse treated using DNAfree (Ambion) and 5 μg was reverse transcribed using Superscript III (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The resulting cDNA was used in real time PCR using ABI expression assays (Applied Biosystems, Foster City, CA) and expression of insulin-like growth factor binding protein-3 (IGFBP3), elastin (ELN), osteoprotegrin (TNFRSF11B), CD14 and early growth response-1 (EGR1) was measured. The results were normalized to 18S expression.
Immunohistochemistry
In order to confirm the expression of proteins coded by genes that were identified as being differentially expressed between RTC and PLC during periodontal regeneration, we utilized a rat periodontal wound healing model as previously described 9 . Briefly, periodontal wounds were created around first molars of adult rats by raising a mucoperiosteal flap, removing 2.5-3mm of alveolar bone and root planing the root surface. The histological results showed that there was an acute inflammatory response at days 1, followed by granulation tissue formation by day 3, and the establishment of connective tissue attachment between days 7 and 14. 9 For the purposes of this study, we used histological sections prepared from mandibular biopsies taken following sacrifice of the rats at days 3 and 14. These times were chosen to coincide with the initial mesenchymal cell infiltration into the wound (day 3) and the mesenchymal tissue maturation and periodontal attachment formation (day 14).
Immunohistochemical analysis of the expression of two related proteins (decorin and biglycan), whose transcripts were identified as being differentially expressed by the microarray analysis, was carried out as previously described (Ivanovski et al 2000) . Briefly, following rehydration, the sections were preincubated with chondroitinase ABC (1 U/ml in 0.05 M Tris buffer, pH 8.0) in order to expose antigenic sites on the proteoglycan core proteins. Endogenous peroxidase activity was quenched with 0.3% H 2 O 2 in PBS and non-specific staining was blocked by incubation with 1:10 normal swine serum. The primary antibodies at dilutions of 1:3000 were allowed to incubate for approximately 18 h at 4°C. The primary antibody used for decorin (LF-30), biglycan (LF-51) were obtained from Dr. LW Fisher, National Institute of Dental Research, Bethesda, MD, and were raised in rabbits. 10 The sections were then incubated with a biotinylated secondary antibody (DAKO LSAB Kit, DAKO Corporation, Carpinteria, MA) for 15 min, followed by a streptavidin peroxidase conjugate (DAKO LSAB Kit) for 15 min. Antibody complexes were visualized after the addition of a buffered diaminobenzidine (DAB) substrate. Sections were then lightly counterstained with Mayer's haematoxylin. Negative controls comprised of the use of PBS and non-immune rabbit serum in place of the primary antibodies. A descriptive analysis of the results was carried out using an Olympus BX-50 light microscope (Olympus Optical Co Ltd, Tokyo, Japan).
RESULTS
Identification of robust and consistent changes in gene expression
Changes in gene expression were identified using the Affymetrix software, Microarray suite 5.0 (MAS 5.0) and Data Mining Tool (DMT) 11 and analysed as previously described. 12, 13 Comparisons were generated by comparing all RTC samples to all PLC samples, thus generating nine comparisons (Fig 2A) . This approach of "cross-comparing" of the samples allowed the identification of consistent gene changes irrespective of inter-patient heterogeneity. Thus, this analysis allowed the creation of gene lists which represented consistent increases and decreases of gene expression with a minimal fold change of 2. This comparison of RTC to PLC identified 207 genes (184 increases and 23 decreases) which were differentially expressed in at least eight out of nine comparisons.
In order to determine the relationships between the individual samples, hierarchical clustering was carried out (Fig 2B) . The hierarchical clustering demonstrated that the three RTC samples and the three PLC samples clustered together. This result showed that two cell populations had distinct transcriptional profiles, and that the tissue source was the main determinant of the gene expression profiles.
Functional analysis of differential gene expression
Functional classification of the differentially regulated genes in RTC was carried out using the gene ontology (GO) annotation tools, NetAffx GO Browser at http://www.affymetrix.com 14 and EASE 15 . These tools grouped the transcripts based on their GO annotation of Biological Process, Molecular Function and Cellular Localization. EASE analysis allowed us to determine if certain GO categories were over-represented in the lists of differentially expressed genes. The 32 GO groups that were differentially regulated in RTC compared to PLC with a p-value less than 0.05 are shown in Table 1 .
Identification of markers and regulators of the 'regenerative' phenotype
The differentially regulated GO categories give insight into the genetic mechanisms that are involved in the regulation of the regenerative periodontal cell phenotype. Many of these mechanisms are ubiquitous in their association with general wound healing. Therefore, a thorough literature review of the candidate genes was carried out in order to understand the functional significance of these to the periodontal regeneration process. The emphasis was placed on genes that regulate wound healing and growth factor responsiveness, as well as the regulation of mineralized tissue formation that is required for the formation of bone and cementum that is essential for new periodontal attachment formation. As expected, many of these genes belong to the GO categories that were overrepresented in the lists of differentially expressed genes. These functionally relevant genes can be broadly divided into three categories: 1) Protein biosynthesis and turnover; 2) Structural components of the cytoskeleton and extracellular matrix. 3) Signal transduction. These genes, their function and potential relevance to periodontal regeneration are described in Tables 2-4 .
Protein Biosynthesis and Turnover (Table 2)
The genes contained in this group are associated with multiple aspects of protein metabolism, which is essential for the production of the structural components of connective tissue required for periodontal wound healing regeneration. There was upregulation of several genes associated with the endoplasmic reticulum and Golgi apparatus which regulate peptide synthesis and modification, as well as the secretion of proteins via vesicle mediated transport. Another group of upregulated genes was associated with protein ubiquitation and autophagy, which are important in protein degradation and turnover, as well as quality control of protein biosynthesis.
From a functional viewpoint, the group of genes associated with peptidolysis, protein catabolism and modification are particularly important as they could give insights into mechanisms that are specific to periodontal wound healing and regeneration. Important categories in this group include genes associated with protein peptidolysis and turnover during wound healing (MMP3, MME, ADAM 10, ADAM12), as well as protein modification during skeletal development (EXT2, PPSS1, PPSS2, LOX).
Structural Components of Cytoskeleton and Extracellular matrix (Table 3)
The differentially expressed genes in this group gave insight into the phenotypic differences between the two cell types. The changes in cytoskeleton associated genes correlate with a number of functionally important events required for periodontal regeneration, such as cell motility and cell adhesion. Furthermore, several cytoskeletal genes associated with organelle reorganization were also upregulated and reflect the requirement for endoplasmic reticulum and Golgi reorganization in response to increased protein biosynthesis.
The proteins coded by the genes in the extracellular matrix group are of considerable functional importance as they are largely associated with connective tissue formation and, in particular, the regulation of collagen fibrillogenesis. Several of these proteins are also regulators of osteoblast function and involved in skeletal development. Furthermore, these proteins are also associated with the control of multiple cellular mechanisms, including proliferation and differentiation, by sequestering key growth factors such as TGFβ and thus modulating their activity.
Signal Transduction (Table 4)
This group included a number of genes associated with cytokine and growth factor signaling and gave us an insight into the signaling pathways that may be modulated during periodontal regeneration. Indeed, a large proportion of receptors and downstream mediators were associated with growth factor (TGFβ, BMPs, FGF and IGF) signaling during osteoblast differentiation and mineralized tissue formation and remodeling. Furthermore there were also a number of genes that mediate the expression of NFκB, which is important in cytokine signaling and regulation of bone remodelling.
Transcriptional regulation, and gene expression associated with transcription corepressor and cofactor activity, was significantly over-represented in the list of differentially expressed genes. These genes potentially identify the transcriptional mechanisms that define the distinct phenotypic properties of RTC. The majority of these genes, including calreticulin, ID4, YY1 and EGR1, are associated with the regulation of growth factor induced cell function.
Real time PCR
Selected marker genes were validated by real time PCR. We quantified the mRNA expression of IGFBP3, EGR1, elastin and osteoprotegrin. There was a good correlation between the real time PCR analysis (Fig 3A) and microarray results (Fig  3B) , thus validating the array results.
Immunohistochemistry
At both days 3 and 14, there was expression of decorin at the site of periodontal wound healing (Fig 4A, 4C, 4E, 4F, 4I ). This expression was not evident in the remaining periodontal ligament (Fig 4J) . At day 3, the decorin expression was immumnolocalized to the granulation tissue forming within the wound (Fig 4A, 4C) .
At day 14, there was an association between decorin expression and the formation of a new attachment apparatus to the root surface (Fig 4E, 4F, 4J ).
Conversely, there was a lack of induction of biglycan expression during the wound healing process (Fig 4B, 4D, 4F, 4H ), suggesting that this proteoglycan is not involved in periodontal wound healing process. Indeed, it appears that biglycan protein expression either remains constant or decreases during the healing process. Furthermore, the expression of biglycan in the remainder of the non-wounded ligament appears to be higher than decorin (Fig 4G, 4H) .
These results correlate well with the microarray data which shows an upregulation of decorin and a downregulation of biglycan expression in the RTC compared to the PLC.
DISCUSSION
It is well recognized that the complex population of mesenchymal cells residing within the periodontal ligament is responsible for maintenance of the soft tissue ligament as well as the cementum and bone bordering these soft tissues 16 . Using the surgical technique of 'guided tissue regeneration' and cell culture conditions that promote growth of mesenchymal ('fibroblastic') cells, we have previously established primary cell cultures of cells that are selectively allowed to repopulate the periodontal defect and achieve periodontal regeneration 8 . Therefore, in order to understand the molecular mechanisms involved in the periodontal regeneration process, we compared the transcriptional profile of regenerating tissue-derived cells (RTC) to the periodontal ligament cell (PLC) population which is their primary source during the regeneration process. We have previously shown that the RTC used in this study have distinct properties in terms of proliferation and extracellular matrix associated gene expression when compared to PLC 7, 8 . In the current study, utilizing the same matched primary cell lines from three separate patients, hierarchical clustering demonstrated that the samples from each of the two cell populations clustered together, and that the tissue source was the main determinant of phenotype. This finding provided further evidence that the cells derived from the two different tissues maintained a distinct phenotype in vitro.
The GO analysis identified important functional differences between the RTC and PLC, which gave insight into the distinct phenotype of the RTC cells. Since the RTC are derived from a PLC sub-population, these changes are important for our understanding of the mechanisms that are initiated during periodontal wound healing and regeneration. The over-representation of protein metabolism-associated genes, especially those related to protein modification, ubiquitylation and catabolism, as well as vesicle mediated transport and secretary pathways, is not surprising since tissue turnover is important in wound healing. In particular, the importance of matrix metalloproteinases (MMP3, MME) and other related proteases (ADAM10, ADAM12) in the wound healing process is well recognized 17 .
As periodontal regeneration is likely to share many common mechanisms with development 18 and the formation of the mineralized tissues cementum and bone is essential for periodontal regeneration, the over-representation of genes associated with biological process of skeletal development is of particular interest. Indeed, the up-regulation of these skeletal development associated genes, such as fibrillin 1, exostoses 2, cadherin 11, and osteoprotegerin support the notion that the RTC contain progenitors with osteogenic/cementogenic potential. In addition to skeletal development, there was also differential regulation of a number of genes associated with craniofacial development and/or the regulation of epithelial/mesenchymal interactions during embryogenesis (PRRX1, RAS23, PTPN11), which are the driving force behind tooth and periodontal development. 19, 20 The differential expression of a number of genes associated with signal transduction provide important insight into the signaling pathways that are involved in periodontal wound healing and regeneration (Table 4 ). In particular, the over-representation of tyrosine kinase signaling-associated genes (FGFR1, MAP3K7, FYN, PTK2 ) is significant because this signaling pathway is associated with multiple cell functions including cell proliferation and differentiation. 21 The differentially expressed genes coded for receptors, downstream signaling molecules and transcriptional regulators associated with signaling pathways regulated by several growth factors recognized as being important in wound healing. Many of the differentially expressed genes are associated with TGFβ/BMP/wnt (TMEFF1, MAP3K7, MAP3K7IP, SFRP1) regulated differentiation along the osteoblastic phenotype, 22, 23 which is particularly important in periodontal regeneration due to the requirement for mineralized tissue formation (bone and cementum) for the re-establishment of periodontal attachment. Additionally, changes in regulators of IGF-1 (IGFBP3, DGKA) and FGF (FGFR1, PTPN11, PTPRF) function give insight into the mechanisms via which these growth factors influence periodontal wound healing. Similarly, the relatively large number of differentially expressed transcription factors and regulators give insight into the potential transcriptional mechanisms involved in periodontal wound healing and regeneration. In further support of the notion that the regulation of growth factor signaling plays a major role in periodontal regeneration, many of the transcriptional regulators were associated with the modulation of growth factor signaling. For example, EGR1 has been identified as a therapeutic target for tissue repair. 24 It increases the expression of TGFβ and extracellular matrix proteins leading to accelerated wound healing. Similarly, several other differentially expressed transcription factors, such as YY1, calreticulin and ID4, are involved in the regulation of TGFβ and BMP induced cell differentiation, mineralization, tooth development and/or neural crest cell proliferation and differentiation. 25, 26, 27 The differential expression of signal transduction associated genes suggests that, during wound healing and regeneration, periodontal cells are under the regulation of paracrine growth factors which modulate critical functions such as cell proliferation, migration and differentiation. These modulators of growth factor action act as potential therapeutic targets that can specifically regulate the action of multifunctional growth factors in order to facilitate periodontal regeneration. These findings are significant since the clinical use of IGF-1, FGF, TGFβ, and BMPs has shown promise in promoting periodontal regeneration. 28, 29 Further manipulation of the activity of these growth factors will provide novel ways of manipulating the periodontal regeneration process.
Other differentially regulated genes related to signal transduction were associated with cytokine signaling (IL6ST, IFNGR1, CKLF), which is not surprising since the regenerating tissue environment is under the influence of inflammatory mediators. In particular, there were a number of genes associated with the NFκB pathway (PIAS1, osteoprotegerin, TMEFF1) which, aside from being important in the inflammatory response, also plays are role in the regulation of mineralized tissue turnover. 30 In addition to inflammation induced signaling, it is also noteworthy that there is regulation of genes associated with cellular stress and the control of redox potential which has been shown to be important in wound healing. 31 These genes ensure that cells can function in challenging environments such as those encountered during periodontal regeneration, whereby there is exposure to external stimuli from many enzymes and microbes found within the oral cavity.
In terms of identifying markers that differentiate PLC from RTC, the differentially expressed cellular component categories, and in particular the extracellular and cytoskeleton associated genes, are useful in characterizing the regenerative phenotype (Table 3) . Furthermore, as periodontal disease leads to extensive soft and hard connective tissue destruction and periodontal regeneration aims to reconstitute these tissues, the identification of differentially expressed genes responsible for extracellular matrix formation is important for tissue engineering of appropriate scaffolds that may be used to enhance regeneration.
Confirmation of the transcriptional profile results is important in order to establish the validity of the reported results. The array data was validated by correlating the direction and magnitude of mRNA expression changes obtained from the array data with gene expression measured using quantitative PCR for four genes (IGFBP3, elastin, osteoprotegerin and EGR-1) (Fig 3) . The array results also correlated with previous findings showing differential biglycan and decorin mRNA expression by the cells used in this study. 8 In order to demonstrate the potential of the transcriptional profiling to reflect in vivo events, the correlation between differential gene expression and in vivo protein expression was also investigated. Since a number of differentially expressed extracellular matrix associated genes represented plausible regulators of periodontal regeneration and markers of the regenerative cell phenotype, an attempt was made to correlate gene expression in these primary cell cultures with the expression of extracellular matrix molecules during periodontal wound healing. Therefore, proteins coded by two of the differentially expressed genes, decorin and biglycan, were immunolocalized in cells involved with periodontal wound healing in vivo. Once again, there was good correlation between gene expression and protein expression. The differential immunolocalization of biglycan and decorin is important because these are two related extracellular matrix proteoglycans belonging to the small leucine rich proteoglycan family which influence cellular proliferation, migration and phenotype. Furthermore, these proteoglycans interact with growth factors such as TGFβ, modulate the effect of MMPs and play a role in mineralization, all of which are important mechanisms in wound healing that were differentially regulated in RTC compared to PLC. 32, 33 These molecules are often co-expressed in tissues and the correlation of their differential gene expression, as identified by microarray analysis, with the in vivo protein expression demonstrates the potential clinical significance of the microarray analysis described in this study. The ability of the microarray analysis of the primary cultures to identify differences in gene expression that correlate with in vivo protein expression validates our methodological approach to identifying molecular mechanisms involved in periodontal regeneration. Thus, the differentially expressed genes identified in this study may represent a number of novel regulators of periodontal regeneration and markers of the regenerative cell phenotype which warrant further investigation aimed at utilizing them to achieve superior therapeutic outcomes.
In conclusion, through the use of microarray methodology, this study has identified a set of functionally relevant genes, some of which have been shown to be involved in connective tissue wound healing and mineralized tissue formation, that are differentially regulated in RTC. These genes code for molecules involved in the signal transduction and transcriptional control associated with growth factor pathways, such as IGF-1, TGFβ and BMPs, that are important in periodontal regeneration. Furthermore, a number of differentially expressed cytoskeletal and extracellular matrix proteins may be useful as markers for the regenerative cell phenotype. Therefore, it appears that RTC can be characterized by a consistent and robust set of differentially expressed genes which may present therapeutic targets that could be manipulated in order to achieve predictable periodontal regeneration.
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